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Abstract The straight-chain aldehyde hexanal has a distinct
“green-grassy” smell quite different from the similar “citrus-
waxy”-smelling homologues heptanal to undecanal (Kittel et
al., Chemosens Percept 1:235–241, 2008). Two prior studies
demonstrated the absence of cross-adaptation between hexa-
nal and three other homologues (Kurtz et al., Chemosens
Percept 3:149–155, 2010) but a significant mixture suppres-
sion between the dissimilar-smelling odorants hexanal and
octanal (Kurtz et al., Chemosens Percept 4:186–194, 2009).
In contrast, this study of similar-smelling octanal and decanal
showed little mixture suppression. In contrast to the hexanal
and octanal adaptation, data from Kurtz et al. (Chemosens
Percept 3:149–155, 2010) showed a significant cross-adapta-
tion between octanal and decanal. The differences observed
between mixture suppression and adaptation suggest that
these two phenomena are processed separately.
Keywords Olfaction . Synthetic perception . Analytic
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Introduction
Background
In the emerging view of flavor perception, humans are able
to experience complex mixtures of stimuli in two different
ways: analytically (elemental processing or bottom-up) and
synthetically (configural processing or top-down). Not only
can humans be trained to do this in controlled experimental
settings (Prescott 2004; Gottfried 2010; Small and Prescott
2005), but this is also a natural human process. It is not
unusual to hear a statement such as, “The odor of this wine
has a weak Riesling character (synthesis) and a strong citrus
note (analysis),” indicating these notions apply within a
single sensory modality such as olfaction (Prescott 2004). It
has been proposed that analytical processing results from
attention to the component sensations arising at the
periphery and synthetic observations derived from the
multimodal integration of these sensations in the central
nervous system (Auvray and Spence 2008). If true, then
knowledge of the psychophysics of single odorants in
mixtures may relate to the neurobiology and anatomy of the
olfactory system at the periphery of the central nervous
system. This paper investigates the ability of subjects to
attend to individual odorants in a mixture using an
analytical protocol based on intensity matching instead of
perceptual scaling (Kurtz et al. 2010).
In olfactory “analysis,” subjects are asked to attend to a
component of a mixture of odorants and to evaluate its
intensity separately from the intensity of the whole sample.
But measuring sensory “quality” of any kind is challenging;
obviously, there is no way to know or measure directly a
subject’s experience (Gottfried 2010). Only a subject’s
behavior in response to a stimulant can be measured directly.
However, clever experiments can measure perceptions
indirectly: Among the most ingenious is Ramachandran’s
use of response time to distinguish subjects who experience
color–number associations from those who do not
(Ramachandran and Hubbard 2001).
A single odorant above its threshold usually produces a
weaker perception in a mixture than it does when smelled
alone. Called mixture suppression, this phenomenon may also
be responsible for our inability to easily detect more than three
odorants in a mixture (Cain and Drexler 1974; Köster 1968;
Berglund and Olsson 1993; Goyert et al. 2007; Jones and
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Woskow 1964; Laing et al. 1984; Brossard et al. 2007). In
contrast, mixtures of two or three odorants prepared at peri-
threshold concentrations show indication of enhancement
(Small and Prescott 2005; Delwiche 2004; Diamond et al.
2005; Veldhuizen et al. 2010; Cometto-Muniz et al. 2007;
Miyazawa et al. 2009). Clearly, odorants function differently
near their threshold than at higher levels. To minimize peri-
threshold effects, an effort was made in the experiments
discussed here to use stimulus levels that were supra-
threshold, distinguishable from each other, and covering
much of the dynamic range of their intensities.
A measurement based on olfactory “synthesis” directs
the subject to estimate the intensity of the overall olfactory
experience, a process that has yielded reproducible quanti-
fications especially within a single laboratory (Nagata
2002; Cain and Drexler 1974). Studies of mixture percep-
tion using “synthetic” protocols have also yielded theories,
e.g., the vector theory of binary odor perception, that
predict the intensity of mixtures from the intensity of their
components tested separately (Berglund et al. 1973). In the
seminal work of Berglund et al. (1973), subjects were
trained to scale their perceptions of odor mixture intensity
as a single response (synthetic) using external standards not
present in the test mixture as references (Berglund et al.
1973). This increased the probability that subjects used a
synthetic strategy to scale the intensity of the mixture since
the reference did not focus the subject’s attention on a
single component within the mixture.
In contrast, Cain and Drexler (1974) and Köster (1969)
trained their subjects to analyze mixtures, i.e., to attend to
and scale a component odor separate from the whole, but
still used an external reference. We theorized that by
training subjects to match a reference of the same stimulus
as the test odorant would focus their attention on the
analyte and produce more “analytical” results. Although we
do not examine this theory experimentally in this study, the
approach seems unlikely to produce less analytic data than
the use of an external standard.
This is the fourth in a series of papers (Kittel et al. 2008;
Kurtz et al. 2009, 2010) examining the human psychophy-
sics of the primary agonists of the rat olfactory receptor
ORI7, the first mammalian deorphanized olfactory receptor
(Zhao et al. 1998). The primary agonists of rORI7 are the
normal aldehydes C7–C11 and have a similar “citrus-like”
odor quality for humans. The homologue C6 has been
hypothesized to act as antagonist for rORI7 and has a
distinct “green/grassy” smell (Peterlin et al. 2008) (Kittel et
al. 2008). Our second paper demonstrated cross-adaptation
in humans between the rORI7 agonists (C7–C11), while
antagonist hexanal (C6) did not cross-adapt with C7–C11.
The final two experiments examined the perceived intensity
of three of these compounds, C6, C8, and C10, in binary
mixtures using an analytical protocol that uses reference
matching instead of scaling (Kurtz et al. 2010, 2009). Other
studies (Köster 1968; Berglund et al. 1973; Cain and
Drexler 1974; Laing and Francis 1989) show reproducible
patterns of odor processing of mixtures from the psycho-
physics of single odorants that are not the same for all
odorants in mixtures. Our examination of hexanal (C6) and
octanal (C8) in the same protocols used in this paper for C8
and C10 demonstrated no cross-adaptation in experiments
with C8 and C6 and subjects experienced mixture suppres-
sion (Kurtz et al. 2010). This paper adds to the previous
studies by analyzing the effect of compounds that exhibit
cross-adaptation (C8 and C10).
Methods
Subjects
Nine female and two male, nonsmokers with olfactory
function and a mean age of 26.3±1.5 years, volunteered to
participate. The research protocol was reviewed and
approved by the University Committee on Human Subjects
of Cornell University. All subjects were paid for their
participation.
Materials
Odorants octanal 99% (C8) and decanal 99% (C10) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). All
odorants were reagent grade and dissolved in odorless
polyethylene glycol (PEG) 400 from J.T. Baker (Phillipsburg,
NJ, USA). Nine concentrations were tested during the three-
alternative forced choice dose–response curve collection. The
lowest concentration contained only pure PEG with no odor
added. Concentrations for C8 ranged from 0.44 to 965 nM by
factors of 3. Concentrations for C10 ranged from 9.8×10
−3 to
21.6 μM.
All odorants were presented in 250-mL polyethylene
VWR wash bottles, modified with a 1.5-cm diameter Teflon
ball fitted around the neck of the bottle for nasal comfort
and at room temperature in a well-ventilated space. Bottles
were labeled with a random three-digit code and prepared
1 h prior to testing. Each bottle contained two blotters. For
bottles containing “no odor,” two strips of pure PEG were
placed into the bottle. Bottles that held odorants contained
one strip dipped in odorant and another dipped in pure
PEG.
Dose–Response Curve Collection
Dose–response curves were collected in order to determine
the three concentration levels for each compound to be used
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in the reference matching task. At the beginning of each
session, subjects were presented with two references, one
contained pure PEG, while the other contained the highest
concentration of the test odorant. Subjects were instructed
to familiarize themselves with the target odorant. The
odorant reference given to each subject corresponded with
the odorant tested. Individuals were presented with a series
comprised of nine groups in each session. Each concentra-
tion step was assigned a label A through I. Step A
contained only pure PEG, and no target odorant; its purpose
was to determine the level of noise contributed by the
solvent, PEG, and the “plastic” odor of the polyethylene
squeeze bottles. Each step consisted of nine bottles,
arranged in rows of three. Each subject evaluated all nine
groups in one session. The process was repeated two times
for each odor, in separate sessions. Each row represented a
trial. As in the method described by Wise and Cain (2000),
the individual evaluated three bottles, searching for the
bottle with the target odorant (Wise and Cain 2000). For all
steps except step A, two of the bottles contained blanks
(PEG), while one bottle contained the target odorant (in
step A, all three bottles contain PEG). The subject recorded
information including: bottle number (the three-digit code
on the bottle), bottle location, perceived intensity, and level
of confidence in his or her choices. The subject used a nine-
point scale to evaluate perceived intensity (1=no odor, 9=
very strong). Between each evaluation, the subject rested
during a timed 45-s break. If during testing an individual
expressed difficulty perceiving odors, the subject took a
timed 5-min break. Each test session took approximately
45 min. Every subject completed two sessions per odorant
tested, for a total of four sessions. The test order, whether a
subject received C8 or C10 to test, was randomized across
sessions. The subjects received no prior training but were
experienced members of other sensory experiments.
Stimulus Levels Used in the Odor Matching Task
Based on the results from the dose–response curves, three
concentration levels were determined for both C8 and C10
representing: low (L), medium (M), and high (H) as seen in
Figs. 1 and 2. In addition to the three L, M, and H
references used in Kurtz et al. 2009, a fourth reference
containing only PEG (Ø) was added. Concentration levels
defined as L, M, and H were chosen to be clearly
suprathreshold (> 5% detection), statistically distinguish-
able, and to cover most of the range of the intensity scores
given. The solutions used to collect the dose–response
curves were also used during the reference matching task.
Bottles containing binary mixtures contained two blotters:
one blotter dipped in C8 and another in C10. A mixture
written as 8L–10M contains a low concentration of C8 and
a medium concentration of C10. There were five binary
mixture stimuli: 8M–10L, 8M–10M, 8M–10H, 8L–10M,
and 8H–10M. All stimuli were prepared using the same
procedure outlined in Kurtz et al. (2009).
Subject Training for Odor Matching Task
As in Kurtz et al. (2009), subjects were trained to distinguish
four concentrations: Ø, L, M, and H for both C8 and C10.
Although 11 subjects were trained, one female subject was
unable to participate in the final experiment. As in Kurtz et
al. (2009), training consisted of individuals matching
several bottles made up of Ø, L, M, and H concentrations
to corresponding references of Ø, L, M, and H.
Fig. 1 Dose response curve for
C8. Participants received eight
different concentrations. Log
(nM) concentrations of C8 are
plotted versus mean perceived
intensity (black dots), their LSIs
based on pooled error from the
ANOVA (whiskers) and mean
percent correct bottle identifica-
tion (open circles). Points
marked Low, Medium, and High
were the concentration levels
chosen for the references
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An ABC-X task was used in this procedure. The method
resembles an AB-X task, in which an individual is required
to determine whether X is more similar to reference A or
reference B (Lawless and Heymann 1999). In an ABC-X
task, however, X (the stimulus in question) can match either
to references A, B, or C. Training followed the protocol
outlined in Kurtz et al. (2009); however, the ABC-X task
was modified to include a reference bottle containing only
PEG, marked as Ø. Odorants C8 and C10 were tested
separately. During each training session, a subject received
nine bottles: two Ø bottles, two L bottles, two M bottles,
and two H bottles. An additional bottle of either Ø, L, M, or
H was added as the ninth bottle to ensure that subjects did
not use a process of elimination to place all of the bottles.
As previously described, each subject sniffed the four
references until he or she said the odors were familiar; next,
each chose a bottle from the randomly placed set of nine
bottles. The subject sniffed the bottle and decided which
reference it best matched. He or she then placed the bottle
in front of the corresponding reference and rested for 45 s
during a timed break. The process was repeated twice for
each odor. In order for a subject to be considered for testing,
Odor Matching Task Procedure
Subjects were presented with the same four references used
in the training session: Ø L, M, and H. As in the training
session, subjects were required to match a randomly placed
set of bottles in front of the reference which best matched
the odorant concentration within the bottle. However, six of
the bottles were binary mixtures and three of the bottles
were controls. Controls were bottles containing single
odorants of the same concentration as the references. Two
replicates of nine bottles were presented during each testing
session, with a 5-min break in between. As in the training
sessions, a 45-s timed break took place between each bottle
evaluation.
In separate testing sessions, subjects evaluated the
intensities of C8 and C10. If the reference bottles contained
C8, the individual would evaluate all test bottles for C8. If
the reference bottles contained C10, the subject would
evaluate all bottles for C10.
During testing, one odor attended to in a mixture (the
figure) was associated with a pure reference of similar
intensity and the other (the ground) was to be ignored. It is
impossible to know whether an individual could fully
ignore the other odorant within the mixture; however, the
proper placement of the controls ensures that the individual
is capable of properly matching a target to a reference. If
the reference contained C8, the task of the subject was to
identify the intensity of C8, try to ignore the intensity of
C10, and match the bottle to the reference with a similar
intensity. One might expect that for a C8 matching task, if
an individual were presented with a bottle containing 8M–
10L, the subject would identify the medium concentration
of C8, and match it to the 8M reference. Should the subject
experience enhancement or suppression, however, they
would place the bottle containing 8M–10L in front of one
of the other references. The average bottle placement across
replications and subjects should reflect the degree to which
subjects experience enhancement or suppression.
A diagram of the experimental design is available in
Kurtz et al. (2009). Two different experiments were
conducted: figure varied (FV) and figure constant (FC).
Each task was presented when C8 was the figure and C10
was the figure; this means there were four different tests C8
Fig. 2 Dose response curve for
C10. Participants received eight
different concentrations. Log
(μM) concentrations of C8 are
plotted versus mean perceived
intensity (black dots), their LSIs
based on pooled error from the
ANOVA (whiskers) and mean
percent correct bottle identifica-
tion (open circles). Points
marked Low, Medium, and High
were the concentration levels
chosen for the references
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he or she had to demonstrate 90% correct bottle placement
in the second trial.
FV, C8 FC, C10 FV, and C10 FC. The subjects were
presented with tests in randomized order. In the figure
varied experiment, binary mixtures with increasing figure
intensity were presented, while the ground concentration
remained constant; in a C8 FV task, the binary mixtures
would be as follows: 8L–10M, 8M–10M, and 8H–10M. In
the FC task, the ground concentrations increased, while the
figure concentration remained constant at M. The binary
mixtures presented in a C8 FC task were: 8M–10L, 8M–
10M, and 8M–10H. For C10, the binary mixtures presented
for the FV task were: 10L–8M, 10M–8M, and 10H–8M.
The binary mixtures presented in the C10 FC task were:
10M–8L, 10M–8M, and 10M–8H.
If the individual was capable of matching the intensity of
the figure odorant to the appropriate reference without any
interference from the ground odor in the FC task, he would
match all binary mixtures to the appropriate reference. If he
were to experience suppression or enhancement, however,
he would make the match less frequently.
Statistical Analysis
Mean perceived intensity and associated uncertainty inter-
vals were calculated for each odorant concentration. The
mean of group A (PEG only) was subtracted from the
means of groups of B–I, in order to remove “noise.”
Additionally, percent correct response was calculated for
each group. Data for C8 and C10 were analyzed separately.
Figures 1, 2, 3, 4, and 5 incorporate significance tests of
differences between means using the uncertainty intervals
of Andrews et al. (1980). α=5% least significant intervals
(LSI) were calculated as
L ¼ x ta=2;v
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2s2=n
p
2
where x is a mean, ta=2;v is the upper α/2 point of Student’s t
distribution on ν degrees of freedom, s2 is the error mean
square from analysis of variance, and n is the number of
observations contributing to each mean (Andrews et al.
1980). Since least significant intervals include the error
mean square from analysis of variance, they are more
conservative than confidence intervals. Two means signif-
icantly differ if their least significant intervals do not
overlap. Only intensity data from trials in which the three-
AFC was correct were used to calculate intensity values for
Figs. 1 and 2.
Analysis of Binary Mixture Data
As in Kurtz et al. (2009), data were split into two separate
groups. One group was defined as FC, and the other was
defined as FV. Each group contained data from both C8 and
C10 matching tasks.
Means and confidence intervals of bottle placement for
each binary mixture were tabulated. Bottle placement was
scored accordingly: Ø=1, L=2, M=3, and H=4. Each bottle
placement was assigned a score accordingly. Mean bottle
placement scores were calculated for all controls and binary
mixtures as well as their corresponding LSIs.
Fig. 3 “Figure varied” compares the mean bottle placement in the
odor-intensity matching task (dots) at different figure concentrations
but the same Medium level ground concentration to the mean
placement of an unmixed figure reference (triangles). Filled points
indicate C8 was the figure, open points indicate when C10 was the
figure and the whiskers indicate the 95% LSIs based on pooled error
from the ANOVA
Fig. 4 “Figured constant” compares the mean bottle placement in the
odor-intensity matching task (dots) the Medium level of the figure in the
presence of different levels of ground to the mean placement of an
unmixed figure reference (triangles). Filled points indicate C8 was the
figure, open points indicate when 2 of 3 C10 was the figure and the
whiskers indicate the 95% LSIs based on pooled error from the ANOVA
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Results
Figures 1 and 2 summarize the dose–response data for C8
and C10: plots of log concentration versus mean perceived
intensity and percent correct identification of the odorant-
containing bottle. For both C8 and C10, the concentrations
chosen span more than 50% of the intensity scale,
significantly differ from each other (P<0.05), and were
selected correctly by the subjects more than 80% of the
time. That the corresponding high, medium, and low
concentrations were not exactly isointense for C8 and C10
was not relevant since the final matching task involved no
perceptual scaling. The subjects simply compared the intensity
of a mixture to the intensity of three references. The resulting
low, medium, and high levels for octanal used in the matching
tasks belowwere 3.9, 35.7, and 965.7 nM, respectively, and for
decanal, 0.3, 2.4, and 21.6 μM, respectively.
Figures 3 and 4 demonstrate an overall increase in
matching score as the figure concentration increases
(Fig. 3) or as the ground increases (Fig. 4). As expected,
the placement of the low, medium, and high figure controls
shown in Fig. 3 (where the ground is constant and always at
the medium level) shows homologously increasing values.
However, in mixtures, the figure shows a slight but
significant enhancement of placement at the low level
presumably induced by the much higher level of the ground
and a slight but significant suppression of the figure
placement at the high level of the ground when the figure
is at a lower level than the ground. It would appear that the
ratio of the figure to the ground determines whether there is
enhancement or suppression, but the present experiment
was not designed to study this, and because of boundary
effects during placement, interpretation of the results in this
light is problematic. Nevertheless, at the medium level, the
figure in the presence of a medium level of ground
exhibited no apparent enhancement or suppression for
either C8 or C10 in contrast to the results from mixtures
of dissimilar smelling compounds C6 and C8 (Kurtz et al.
2010) where there was significant suppression.
Figure 4 shows the matching result when the figure was
held constant and the ground was varied. Therefore, all of
the figure controls were at the medium level and should
produce identical placements and they did. Furthermore, the
medium-level mixtures produced the same placement as all
the controls, indicating no enhancement or suppression of
intensity of C8 or C10 on each other at similar potencies.
At the extreme levels where the figure is medium and the
ground is low, there is insignificant suppression of the
figure by the ground; however, at the other extreme when
the ground is higher, then the figure appears as though the
subjects are responding only to the ground. Unfortunately,
the boundary effects experienced during placement of the
figure at extreme levels complicate the interpretation of
these results. High and low levels were included in the
experiments to allow effects on the medium figure by the
medium ground to be determined. Therefore, the medium
concentration in the figures yielded the most meaningful
result and was the only one used in Fig. 5. The odor
matching of both octanal and decanal did not differ
significantly from their controls, indicating no mixture
Fig. 5 a ‘Mixture Perception’ compares mean data of similar smelling
8M-10M mixtures to mean data of the dissimilar smelling 8M-6M
(Kurtz et al 2009). Mean bottle placement scores for the mixtures are
the black dots and the whiskers indicate the 95% LSIs based on
pooled error from the ANOVA. The open triangles are the mean scores
of the unmixed reference. b ‘Adaptation’ plots data from Kurtz et al
(2010), where mean post-adaptation scores (black dots) from the cross
adaptation of C8-C10 and C8-C6 are compared to the un-adapted
scores open triangles
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suppression or enhancement. In summary, when octanal
was attended to in the olfactory “analysis,” it showed the
same degree of enhancement as decanal did when it was the
figure and the focus of attention (This allowed us to
average the medium–medium results in Fig. 4 for use in
Fig. 5).
Discussion
Figure 5a compares the results from the current experiment
using “similar” smelling binary mixtures C8 and C10 with
the results of Kurtz et al. (2009) which used the
“dissimilar” smelling odorants C8 and C6. Due to the
difference in the design of the two studies and boundary
effect on matching at the extremes (low and high levels of
stimulant), only data from the medium-level (8M–10M and
8M–6M) samples were compared. The point at the left in
Fig. 5a labeled “Similar” is the average of the 8M–10M
data from this experiment, and the point on the right labeled
“Dissimilar” is the average of the 8M–6M data from Kurtz
et al. (2009). “Similar” and “Dissimilar” refers to the odor
quality of the components in the mixture tested. The
average bottle placement of the unmixed odorants is
indicated by the empty triangles, of the mixed odorants by
black dots and their LSI’s by “whiskers.”. If the
unmixed bottles were matched to the M reference
100% of the time, the value would be 3. The average
bottle placement for unmixed bottles 8M and 10M is
2.62, and the average bottle placement for bottles 6M
and 8M is 2.97. The average bottle placement for the
“Dissimilar” binary mixtures (6M–8M) was significantly
below that of the unmixed bottles, indicating suppres-
sion. In contrast, the bottle placement for the “Similar”
binary mixture (8M–10M) is not significantly different
from the unmixed odorants, indicating no mixture
suppression between the similar smelling rORI7 agonist
C8 and C10.
Figure 5b compares the results from the cross-
adaptation studies reported in our third paper in this
series, Kurtz et al. (2009), for the same “similar” and
“dissimilar” smelling pairs (8M–10M and 8M–6M). The
average bottle placement for the unadapted odorants is
indicated by the empty triangles, and after cross-
adaptation, the average bottle placements are indicated
by black dots and their LSIs by “whiskers.” Since there
was no significant difference in the results between the
figure and ground presentations, they were averaged
together. The “similar” smelling compounds C8 and C10
showed significant cross-adaptation, while the “dissimi-
lar” smelling pairs C8 and C6 showed none. There seems
to be a difference between mixture suppression and cross-
adaptation in the way odor intensity is processed.
Conclusion
In summary, results from this study (using a matching task
with a reference the same as the analyte) combined with
findings from Kittel et al. (2008), Kurtz et al. (2010), Kurtz
et al. (2009), Goyert et al. (2007), and Frank et al. (2010)
indicate a difference in the behavior between “similar
smelling odorants” and “dissimilar smelling odorants” in
an analytical protocol. “Analytic” mixture suppression was
greater when components had different odor qualities, while
odorants with similar odor qualities were less likely to
suppress each other. In contrast, mixtures of odorants with
similar odor qualities were more likely to show cross-
adaptation. Taken together, these experiments support the
implications of Jinks and Laing (1999) that mixture
processing is central and those of Atanasova et al. (2005)
that peripheral events, e.g., differences in olfactory epithelial
membrane solubility, modulate perception. The findings of
the experiments reported here suggest that mixture suppres-
sion and adaptation are processed separately: perhaps one
central (mixture suppression) and the other peripheral
(adaptation).
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